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Sliding Mode Control based on Disturbance Observer for Magnetic 
Levitation Positioning Stage

Zhang Shansi*, Ma Shuyuan† and Wang Weiming**

Abstract – Magnetic levitation system with the advantages of non-contact, no friction and no wear 
can satisfy the requirement of high precision and high speed positioning. In this paper, magnetic 
levitation positioning stage which mainly consists of planar coil and HALBACH permanent magnet 
array and its control and driving system are designed. Magnetic levitation system is a highly nonlinear 
and strongly coupled complex system and its control performance can be influenced by the uncertainty 
and external disturbance. So exact feedback linearization method is used to realize exact linearization 
and decoupling, and a strategy of sliding mode control based on disturbance observer is proposed to 
compensate the uncertainty and external disturbance. Detailed proofs of observer’s convergence 
property and system stability are derived. Both the simulation and experiment results verify the 
effectiveness of sliding mode control algorithm based on disturbance observer.

Keywords: Magnetic levitation positioning stage, Exact feedback linearization, Sliding mode control, 
Disturbance observer

1. Introduction

With the rapid development of manufacturing industry, 
an increasing demand for the precision of processing and 
assembly is proposed. Conventional processing and assembly
method can no longer satisfy the precision requirement in 
some fields, such as IC manufacturing, micro electro-
mechanical system (MEMS), micro-machine assembly etc. 
Thus, a kind of positioning stage with high precision and 
high speed should be developed. Magnetic levitation 
positioning stage has the advantages of non-contact, no 
friction, no wear and less noise pollution, which enable it to 
satisfy the requirement of high precision and high speed 
positioning [1-5]. In addition, it can easily realize large-range 
motion (millimeter scale) that other precision positioning 
equipment, such as piezoelectric stack, can’t achieve. So 
the magnetic levitation positioning stage can make high-
precision positioning and large-range movement achievable 
simultaneously, which is widely used in the precision field 
[6-7]. 

Magnetic levitation positioning stage is a complex system
with high nonlinearity and strong coupling. Differential 
geometry theory is an effective tool to process coupled 
nonlinear system. Liu Jian et al. proposed differential 
geometry nonlinear optimal control method and applied it 
to permanent magnet synchronous linear motor to realize 
the optimal control by exact feedback linearization [8]. 

Feedback linearization method based on differential 
geometry can realize exact linearization, which can 
overcome the error of Taylor expansion at the equilibrium 
point [9]. 

Conventional controller design always requires the 
accurate mathematical model of the system, while 
magnetic levitation system has some model uncertainties 
and can be easily influenced by the external disturbance. 
So the uncertainty and disturbance must be considered 
when designing the controller. Sliding mode controller can 
be designed to make it irrelevant to the object parameters 
and disturbance but it has chattering which is caused by 
large switching gain due to the external disturbance and 
uncertainty. 

Some scholars have ever applied sliding mode control 
to the magnetic levitation system or Permanent Magnet 
Synchronous Motor. Moon Seok Hwan et al. used an 
exponential reaching law based sliding mode controller 
to magnetic levitation system and the robustness against 
parameter fluctuations was verified through the experimental
results [10]. Eroglu Yakup et al. proposed a robust sliding 
mode-based cascade control approach for magnetic 
levitation system, which could provide a highly satisfactory 
tracking performance and eliminate the effects of the 
inductance-related uncertainties and operating point 
originated disturbances [11]. Boonsatit N et al. proposed 
Adaptive Fast Terminal Sliding Mode Control which 
could guarantee finite-time reachability of a given desired
position of a magnetic levitation system [12]. Lee Jeng-
Dao et al. designed an estimator to exactly estimate the 
unknown uncertainties and the output of the exact 
estimator was used to construct a continuous chattering 
free terminal sliding-mode control for an electromagnetic-
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levitation precise-position system [13]. Ginoya, Divyesh et 
al. proposed a cascaded sliding mode control for magnetic 
levitation system, in which a disturbance-observer-based 
sliding mode controller is designed for the electrical loop 
and a state-and-disturbance-observer-based sliding mode
controller is designed for the electromechanical loop [14]. 
Benomair A. M. et al. designed a fuzzy sliding mode 
controller with a nonlinear observer used to estimate the 
unmeasured states, which performed well in the simulation 
[15]. Viet Quoc Leu et al. proposed a LMI-based sliding 
mode speed tracking method for PMSM with an extended 
observer to eliminate the unknown load torque [16]. 
Tounsi Kamel et al. presents a sensorless direct torque 
control combined with a sliding mode observer to estimate 
the rotor speed, position, flux and torque of the PMSM 
drive system to increase its robustness [17]. 

In this paper, feedback linearization method is firstly 
used to the dynamic model of magnetic levitation stage 
in order to realize exact linearization and decoupling in 
horizontal and vertical direction. A kind of exponential 
reaching disturbance observer aimed to relatively slow 
disturbance is designed to estimate the disturbance and 
uncertainty of system. Then the estimated disturbance and 
uncertainty is used to construct a sliding mode controller 
with continuous switching function, which can not only 
compensate the external disturbance and system uncertainty
but also decrease the chattering of sliding mode controller. 

The proposed sliding mode controller based on disturbance
observer can effectively evaluate and compensate the 
disturbance and uncertainty to realize better control 
performance for magnetic levitation system. And the 
method of disturbance estimation can also be used to other 
systems since most systems’ disturbances and uncertainties 
varied relatively slow compared with the system dynamic 
property. 

2. Structure of Magnetic Levitation Positioning 

Stage

The structure of magnetic levitation positioning stage 
is shown in Fig. 1. It mainly consists of planar coil, 
HALBACH permanent array and supporting frame. The 
planar coil is stuck on the base which is fixed on the 
supporting frame after insulation. HALBACH permanent 
magnet array is stuck on the moving plate whose cross 
section is convex shape and bottom is in the groove of 
supporting frame to avoid relatively large deviation in the 
non-moving direction. The top of moving plate is above the 
supporting frame nearly 1mm and the main grating of 
grating sensor is stuck on the bottom of it. The indicative 
grating is fixed on the supporting frame. So when the 
moving plate moves along the groove, the main grating 
has a relative motion to the indicative grating, which is 
converted to the movement of Moire fringe, and then the 
optical signal is transformed to the electric signal through 

the photoelectric device to detect the placement in the 
horizontal direction. 

A position block is mounted on the supporting frame to 
confine the initial position of the moving plate. The probe 
of capacitance sensor is installed on the moving plate to 
detect the displacement in vertical direction. Although the 
magnetic levitation system has the advantages of non-
contact and no friction, the damping ratio of the system is 
so small that oscillation may be generated easily to 
influence the positioning precision. Therefore, an eddy 
current damper is mounted on the top of moving plate to 
increase the damping ratio, which can also improve the 
dynamic performance of the system. 

3. Control and Driving System of Magnetic 

Levitation Positioning Stage

The overall control system structure is shown in Fig. 2. 
Digital control scheme based on DSP and FPGA is applied 
in magnetic levitation system. PWM module should be 
developed on DSP to generate SVPWM signals which are 
input to the driving circuit. In addition, data from capacitive
sensor which is used to detect the suspended height of the 
stage are processed by ADC module of DSP. However, 
DSP has no advantage in processing substantial and real-
time data because of its serial data processing mechanism. 
Thereby, FPGA that supports parallel data processing is 
adopted to design data acquisition modules of current 

Fig. 1. Structure of magnetic levitation positioning stage

Fig. 2. Overall control system structure
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sensors and grating sensor and communication module 
with host computer and DSP. To sum up, DSP is used to 
realize complex control algorithm and FPGA is used to 
process logic transition of bottom signals [18-19]. 

Fig. 3 shows the driving system structure of magnetic 
levitation positioning stage. PWM signal from controller is 
input to the driving chip DRV8332 after passing though 
the signal isolation circuit which is used to eliminate the 
interference of high-power phase voltage to the control 
signal. The output signals of driving chip which are three-
phase sinusoidal voltages are connected to the three 
phase windings of linear motor. There are two sampling 
resistances in series with two phase windings of three. The 
input ports of current sensors IR21771s are connected to 
the both sides of the sampling resistances, and the current 
detected signals are transmitted to the controller to be 
further processed after passing through the signal isolation 
circuit. In addition, current sensors need to receive the 
synchronous sampling signals from the controller.

4. Dynamic Model of Magnetic Levitation Stage 

and Feedback Linearization Decoupling

For the magnetic levitation linear motor, the horizontal 
driving �� force and the levitation force �� between the 
HALBACH permanent magnet array and stator planar coil 
are as follows [20]:

�
��
��
� =

�

�
���������

��� �
cos(��) sin(��)
− sin(��) cos(��)

� �
��
��
� (1)

where �� is the permeability of vacuum; �� is the 
magnetization of permanent magnet array; � is the current 
density of the coils; �� is the equivalent pitch number; 
γ is the absolute value of fundamental wave and γ = 2�/�; 
z is the levitation height; x is the displacement in horizontal 
direction; G is a constant and � = √2���(1 − ����)(1 −
���∆)/��, where � is the length of winding coils; l is the 
period of permanent magnet array; Γ is the thickness of 
winding coils; ∆ is the thickness of permanent magnet 

array; �� and �� are the winding current in the static two-
phase coordinate system which are obtained by Clarke 
transformation. 

The movement of the stage can be treated as rigid 
motion. Thus, the dynamic equation for the magnetic 
levitation positioning stage in horizontal direction can be 
written as: 

�� =̈ �� −��̇ (2)

And the dynamic equation in vertical direction is:

�� =̈ �� −�� (3)

where � is the mass of stage and � is the damping 
coefficient of eddy current damper. 

The differential equations for the stage are given as 
follows:

� +̈
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�
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�
����� sin(��) �� (4)

� =̈ −
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�
����� cos(��) �� − � (5)

where � = ��������/�.
From equation (4) and (5), we can see that magnetic 

levitation stage is a strongly coupled nonlinear system. 
Precise feedback linearization can be applied to realize the 
decoupling control of horizontal and vertical direction. Let:

�� =	
�

�
����� cos(��) �� +

�

�
����� sin(��) �� (6)

�� = −
�

�
����� sin(��) �� +

�

�
����� cos(��) �� − � (7)

�� and �� can be regarded as the equivalent control 
signal. Then the differential equations can be rewritten as:

� +̈
�

�
� =̇ 	 �� (8)

� =̈ �� (9)

So from Eq. (8) and (9), it can be seen that the magnetic 
levitation system is decoupled into two independent linear
sub-systems, which enables the respective control of 
horizontal and vertical direction. 

The actual control input �� and �� can be expressed 
according to the equivalent control signal �� and ��:

�� =
����

�
cos(��)�� −

����

�
���(��) (�� + �) (10)

�� =
����

�
���(��)�� +

����

�
���(��)(�� + �) (11)

5. Design of Sliding Mode Controller based on 

Disturbance Observer

In the conventional siding mode control, a large switching

Fig. 3. Driving system structure
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gain is usually needed to eliminate the external disturbance 
and uncertainty, so external disturbance and uncertainty are 
the main source of chattering in siding mode control [21]. But 
we can estimate the external disturbance and uncertainty by 
applying disturbance observer and compensate them in the 
siding mode control law to decrease chattering. 

By considering the external disturbance and uncertainty 
of magnetic levitation system, the differential equations 
are:

� +̈ (� + ∆�)� =̇ 	 �� + ��(�) (12)

� =̈ ��+��(�) (13)

where, � =
�

�
, which denotes the estimated system 

parameter; 	∆� is the parameter uncertainty; ��(�) and 
��(�) are the external disturbance in horizontal and 
vertical direction respectively. 

So the overall disturbance and uncertainty of horizontal 
direction can be represented as ��(�) = ��(�) − ∆��̇

5.1 Design of control law in horizontal direction

The differential equation of horizontal direction is:

� +̈
�

�
� =̇ 	 �� + ��(�)

The disturbance observer can be designed as:

	�
��̇ = �� �

�

�
� −̇ ��� − �����

��� = �� +���̇
(14)

��̇ = �� �
�

�
� −̇ ��� − ��(�� + ���)̇

= ��(
�

�
� −̇ �� − �� −���)̇.

Disturbance �� varies slowly compared with the 
dynamic property of the system and observer, so we can 
assume that ��̇ = 0 [22]. 

��� =̇ ��̇ − ��� =̇ −��� =̇ −�̇� − ���̈

	= −�� �
�

�
� −̇ �� − �� −����̇ − ���̈

	= ��(�� +���)̇ − �� �� +̈
�

�
� −̇ ���

	= ����� − ���� = −�����

So the equation of observation error is:

��� +̇ ����� = 0 (15)

And the solution is:

���(�) = ���(��)�
���� (16)

From Eq. (16), it can be seen that the convergence rate 

depends on the parameter �� . We can let the estimated 
value ��� approach the real disturbance and uncertainty 
�� with a proper speed exponentially by designing 
parameter ��. 

By applying the disturbance observer in Eq. (14), the 
external disturbance and uncertainty can be compensated in 
the sliding mode control law to reduce the switching gain, 
which can decrease the chattering effectively. 

The sliding mode function can be designed as:

�� = ���� + ��̇ (17)

where, � > 0; � is the tracking error; 

��̈ = ��̈ − � =̈ ��̈ − (−
�

�
� +̇ �� + ��(�))

where, �� is the given horizontal displacement. 

��̇ = ����̇ + ��̈ = ����̇ + ��̈ − �−
�

�
� +̇ �� + ��(�)�

= ����̇ + ��̈ +
�

�
� −̇ �� − ��(�)

The control law is designed as:
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�

�
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) (18)

where, ���ℎ �
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�
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�

is hyperbolic tangent 

function which is continuously smooth and has first-order 
derivative; it can decrease the chattering more efficiently 
compared with saturation function and switching function 
[23]; � > 0 and its value determines the changing rate at 
inflection point of ���ℎ function; �� > 0 and �� > 0.

Fig. 4 shows the comparison among hyperbolic tangent 
function, saturation function and switching function. It can 
be seen that hyperbolic tangent function can realize 
continuous switch. 

Thus, ��̇ = ����̇ + ��̈ +
�

�
� −̇ �����̇ + ��̈ +

�

�
� −̇ ��� +

���� + �����ℎ�
��

�
�� − �� = ��� − ���� − �����ℎ �

��

�
� −

Fig. 4. Comparison among different functions
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�� = −���� − �����ℎ �
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�
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Then prove the stability of system by applying 
Lyapunov stability criterion. Choose Lyapunov function as:

� =
�

�
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� +

�

�
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�
(19)

�̇ =
��

���
∙
���
��

+
��

����
∙
����
��

= ����̇ + ������
̇

	= �� �−���� − �����ℎ �
��
�
� − ���� − �����

�

= −����
� − ���� ∙ ���ℎ �

��
�
� − ����� − �����

�

According to the property of ���ℎ function, the 

following inequality holds: 0 ≤ |��| − �� ∙ ���ℎ �
��

�
� ≤ ��

( � ≈ 0.28 ) [24]; so �� is a very small number. Thus, 
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�
� ≤ |��| and � ∙ ���ℎ �

��

�
� is very 

approximate to |��|; and take �� > |���|���. 
Then we can get: 
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So �̇ ≤ −����
� − �����

�
≤ −��
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��
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� = −��

where, � = 2min	{��, ��}.
The solution of inequality �̇ +�� ≤ 0 is:

�(�) ≤ ���(����)�(��) (20)

So the system converges exponentially and the con-
vergence rate depends on the parameter M. 

5.2 Design of control law in vertical direction

The differential equation of vertical direction is:

� =̈ ��+��(�)

Similar to the horizontal direction, the disturbance 
observer can be designed as:

�
��̇ = −���� −�����
��� = �� +���̇

(21)

The siding mode function is designed as:

�� = ���� + ��̇

where, �� = �� − �.

��̈ = ��̈ − � =̈ ��̈ − (��+��(�))
��̇ = ����̇ + ��̈ = ����̇ + ��̈ − �� − ��(�)

So the control law can be designed as:

�� = ����̇ + ��̈ − ��� + ���� + �����ℎ �
��

�
� (22)

where, �� > 0 and �� > 0. 
The proofs of observer convergence and Lyapunov

stability are similar with horizontal direction. 

6. Simulation Verification

Based on the feedback linearization and sliding mode 
controller with disturbance observer, the controller and 
dynamic model of magnetic levitation positioning stage are 
established by using Simulink. The overall structure of 
control system is shown in figure 5. 

The inputs of sliding mode controller are tracking error 
and estimated disturbance from observer. The outputs ��
and �� from sliding mode controllers in horizontal and 
vertical direction are regulated through a PI controller 
which is regarded as the current loop regulation, and then 
they are transformed to the actual input signals �� and ��
for magnetic levitation stage by feedback linearization law. 
And the inputs of disturbance observer are the output from 

Fig. 5. Structure of magnetic levitation control system

Fig. 6. PI controller for current loop

Table 1. System parameters

Parameter name Parameter value

Stage mass (�) 1.88��

Remanence (����) 1.35�

current density (�) 1.506 × 10��/��

Constant (�) 2.126 × 10��

Equivalent pitch number (��) 6

permanent magnet array period(�) 25.6 × 10���

Winding resistance (��) 10.8Ω

damping coefficient of eddy current 
damper (�)

1.22
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sliding mode controller and the detected displacement and 
speed of magnetic levitation stage. 

The detail of PI controller for current loop is shown in 
figure 6. The proportional coefficient �� is 10 and integral 
coefficient �� is 100. �� and �� are the inductance and
resistance of winding respectively.

The system parameters are given in the Table 1.
In the motion control of magnetic levitation positioning 

stage, the stage is firstly suspended to a specific height 
0.5�� , and then it moves horizontally with levitation 
height fixed. Horizontal step signals of 5�� are input at 
� = 1� and � = 3� . And the simulation time is 5� . In 
addition, disturbances and uncertainty ��(�) = 0.3sin	(�)
and ��(�) = 0.3sin	(�) are introduced to the dynamic 
model of stage in horizontal and vertical direction 
respectively. 

The parameters of sliding mode controller and disturbance 
observer in horizontal direction are as follows: �� = 100; 
�� = 500 ; �� = 5 ; � = 0.02 ; �� = 100 . And the 
corresponding parameters of vertical direction are: 
�� = 50 ; �� = 100 ; �� = 5 ; � = 0.02 ; �� = 200 . All 
these parameters are chosen according to the experiences 
and trials. 

The simulation result of horizontal direction is shown 
in figure 7. The rising time, namely the time that the 
stage needs to reach the given position, is extremely small, 

nearly 0.1s both at 	� = 1� and = 3� . And the step 
response of the magnetic levitation system has no 
overshoot.

The comparison between sliding mode controller with 
and without disturbance observer for the horizontal 
direction is shown in figure 8. It can be seen that the 
sliding mode controller based on disturbance observer 
can compensate external disturbance and uncertainty 
effectively. For the conventional sliding mode controller, 
we usually need to know the boundary of the disturbance 
in order to compensate it in the switching term. However, 
we can’t acquire the accurate value of the boundary, and 
if we set the boundary value too large, severe chattering 
can be caused to influence control performance. So 
sliding mode controller without disturbance observer can’t 
eliminate disturbance effectively. 

Fig. 9 shows the comparison between estimated 
disturbance by horizontal disturbance observer and the 
actual disturbance. It can approximately approach the 
actual disturbance. When the step signal is input at � = 1�
and � = 3�, the estimated disturbance and uncertainty has 
a small fluctuation but it can converge to the actual value 
rapidly.

The vertical displacement is shown in figure 10.The 
rising time, namely the time that the stage need to reach 
expected suspended height, is approximately 0.3s after the 
step signal is input to the system at � = 0�. And the step 
response of the system in vertical direction has no 
overshoot as well. 

Fig. 7. Horizontal displacement

Fig. 8. Comparison between sliding mode controller with 
and without disturbance observer

Fig. 9. Estimated disturbance and uncertainty of horizontal 
observer and actual disturbance 

Fig. 10. Vertical displacement
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Fig. 11. Estimated disturbance of vertical observer and 
actual disturbance

Fig. 12. Decoupling effect of the horizontal and vertical 
direction

Fig. 11 shows the comparison between estimated 
disturbance by vertical disturbance observer and the actual 
disturbance. The estimated value can converge to the actual 
value very fast at � = 0� when the step signal is input, as 
well as with relatively small error. 

The decoupling effect of the horizontal and vertical 
direction can be seen in figure 12. In order to observe the 
decoupling effect clearly, the horizontal step input is chosen
as 400 �� . The suspension height of vertical direction 
doesn’t change after reaching the stable state while the 
stage moves in the horizontal direction. So the decoupling 
control is achieved. 

7. Experiment Results

In the experiment, the horizontal displacement of 
magnetic levitation stage is detected by grating sensor. 
The output signal of grating sensor is pulse signal. The 
resolution of grating sensor is 1nm, so when the stage 
moves 1nm, the grating sensor outputs one pulse signal. 
The pulse signals are acquired by FPGA on which a 
counter module is developed to record the number of pulse 
signals. The counting number increases when the stage 
moves forward and decreases when the stage moves 
backward. Then the counting number from FPGA is sent to 

DSP to further calculate the displacement of stage. Use 
CCSLink of Matlab which supports the connection with 
RTDX of DSP to realize the real time data exchange with 
DSP without stopping the executing program on DSP. So 
the displacement data of stage can be transmitted to Matlab 
through the output channel of RTDX, and then the curve of 
horizontal displacement can be plotted in Matlab.

Step experiment of 5μm in X direction was conducted. 
5μm step signal was input to the magnetic levitation 
positioning stage once a second. At � = 1�, the first step 
signal was input and subsequent steps were input once a 
second. The experiment time was 5� . The curve of 
horizontal displacement versus time is shown in figure 13. 

The suspended height of magnetic levitation stage is 
acquired by capacitance sensor. A corresponding transmitter
is used to transform the clearance to voltage signal which 
passes through filter and amplifier and then inputs to the 
ADC module of DSP. ADC module transforms the analog 
signal from sensor to the digital signal which is processed 
in the DSP to obtain the suspended height of stage. The 
data of suspended height are transmitted to Matlab through 
RTDX to plot the curve of vertical displacement.

The curve of suspended height versus time is shown in 
figure 14. The stage began to levitate at � = 0 and reached 
the stable suspended height at about � = 0.5�. 

From the experiment results, it can be seen that sliding 
mode controller with disturbance observer can offset the 
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external disturbance and uncertainty well and realize 
precise motion control for the magnetic levitation 
positioning stage.

8. Conclusion

Magnetic levitation positioning stage is a highly 
nonlinear and strongly coupling system. So exact feedback 
linearization is firstly applied to realize linearization and 
decoupling. Considering the external disturbance and the 
uncertainty of system, sliding mode controllers based on 
disturbance observers in horizontal and vertical direction 
are respectively designed to compensate disturbance and 
uncertainty. The simulation results show the comparison 
between the sliding mode controller with and without 
disturbance observer and prove that the controller based 
on disturbance observer can achieve good dynamic 
performance. The experiment results further verify the 
effectiveness of the designed controller.
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